It is demonstrated that rejection of salt at a freezing ice-water interface takes place at least in part by cyclic convective processes occurring within the small interstitial spaces located in the first few centimeters of ice above the interface. This invalidates the assumption of the diffusive boundary' layer utilized by previous authors and shows that nearinterface temperatures are subject to cyclic variations. This result should be generally true for phase changes in aqueous solutions with floating ice, and it must be considered as a modification to current theories of solidification. It is shown that large vertical tubular structures attended by smaller tributary tubes exist within the growing sea ice sheet; this arrangement almost certainly indicates horizontal migration of brine toward preferred drainage areas in a manner analogous to the catchment area of a river and its tributaries.
INTRODUCTION
The low salinity of sea ice as compared with the sea water from which it is formed is well known. It is of fundamental importance both in regard to the properties of sea ice and to the circulation in the underlying waters. Measurements taken by Weeks and Lee [1962] ..as well as data of previous experimenters indicate that salt is rejected during the freezing process both immediately at the interface and subsequently by drainage from the existing ice sheet as further accretion occurs.
The rejection of brine at the interface may be considered as a special case of the general problem of solute distribution between the solid and the liquid phases. This problem has received much attention in the metallurgical literature, and successive attempts have been made to account qualitatively for the solidliquid interface topography, dendritic growth, etc., in terms of the concept of constitutional supercooling, originally described by Tiller et al. [1953] . Constitutional supercooling theories as applied to aqueous solutions describe an enhanced solute concentration in the liquid layer immediately adjacent to the freezing interface and postulate diffusion as the mechanism by which the solute is transported away from In addition, a thermistor probe was attached to the end of a 3.5-meter length of 6-ram stain-less steel tube, which was moved with its axis horizontal just under the growing ice sheet by de stepping motors locked in synchronism with the x axis of an XY plotter. Horizontal variations of temperature were thus recorded graphically. Structures of dimensions as small as 0.5 mm were thought to exist, and allowable traverse rates were restricted by the time constants of the thermistor pins which were better than 0.1 second.
The data logging system attached to the thermistor chains made measurements of relative accuracy to better than -----2 parts in 105. The logging was continuously calibrated by the placement of a standard resistor in every fifth channel. Used in this mode, the logger required only short-term stability in order to achieve temperature recording of the accuracy mentioned. The usual sample rate was one channel every 0.5 second, which could be increased to one every 0.2 second if required.
A detailed study of the crystallographic structure of the ice sheet was made. It was thought that previous studies of this type had often been A rough periodicity appears, and major temperature minima occur on the line drawn on the figure. For an increase in temperature to occur at a given thermistor probe, it is clear that the meteorologically determined temperature gradient within the ice sheet must be changed or heat must be transported by fluid movement. Previous studies [Lewis, 1967] A typical tube is 2 or 3 cm long and, except for a few millimeters in the immediate vicinity of the interface, where the slot or groove topography predominates, is observed to be a right circular cylinder closed at the upper end by a slightly bulbous cap. As the ice sheet grows, it is considered that ice is deposited within the tube both on the cylindrical walls and in the end cap. This growth is limited, in the absence of axial brine movement, by the rapid increase in salinity as salt is rejected back into the interstitial brine. Thus growth of ice within the cap is retarded with respect to the general interface, and the tube elongates. The mean isotherms in the ice are considered to be parallel to the ice-water interface, so that, since the freezing point is very nearly a linear function of salinity over a small range, ice growth onto the cylindrical walls of a tube will leave ap/az within the tube unchanged for thermodynamic equilibrium. This is not true within the end cap of the tube, where any downward growth must increase both the density and the density gradient in the immediately adjacent brine. When this density gradient in the cap is about one order of magnitude greater than that existing within the main cylindrical portion of the tube, convection occurs. The cold dense brine within the tube is exchanged for less saline warmer water from beneath, which causes a local deformation in the isotherms and provides material for further ice growth. No theoretical description of this type of phenomenon exists to the best of our knowledge. An analysis of convection in a tube closed at one end [Lighthill, 1953] predicts that for given boundary conditions (different and simpler than those of present concern) a stagnant region will exist at the closed end of a tube of sufficient length. Lighthill's work has seen good experimental verification by Martin and Cohen [1954] , so that it is reasonable to postulate that a stagnant region could exist at the upper end of the tube in the ice. Observation shows rapid radial ice growth or 'necking' a few millimeters below the bulbous end cap, which is thought to be a stagnant region. Eventually the end is sealed off and becomes a brine inclusion. This growth provides a source of salt to sustain convection and on seal-off the tube is shortened back to its original length. The isotherms must now return to their original state, parallel to the interface, as the excess heat is removed by conduction, and general ice growth proceeds until a density gradient suftSeient to cause convection is once again produced at the upper end of the tube. The larger the tube diameter is, the less will be the gradient required to cause convection and the more frequent will be the convective process. Thus a larger tube will be provided with more material for growth in a given time than will a Trapped water will be frozen in situ after the specimen ice block is. removed from the sheet.
In tracing a given drainage channel through the ice sheet, it should be noted that geometric similarities are only poorly preserved between z --constant sections. In certain complex cases an element of personal judgment may enter into determining which of the arms correspond. Figure 8 is a schematic drawing of a Solute diffusion depends on the well-known fact that a brine inclusion entrapped in ice having a temperature gradient between its ends migrates toward the warmer end of the ice block. A description of this phenomenon from Harrison [1965b] also notes that upon occasion the inclusions migrate along the C axis of the ice crystal rather than along the temperature gradient, as is common. Taking values typical for the ice cover being considered gives a velocity of 3 X 10-' cm/hr for brine inclusion movement. All authors agree that for gradients commonly met in normal sea ice brine drainage
•ig. 6b. Level z --28 cm. effected by this process alone is negligible. Gravity drainage implies movement of brine due to differences in density between brine in the interior of the ice and brine in sea water outside. This constitutes a convective system similar to. that described for the small tubes, provided that there is hydrostatic communication from the interior of the ice to the sea water beneath. It is thought [Bennington, 1967] that this communication may be provided by the third mechanism expulsion, which is migration of brine due to cracking produced by differential thermal expansion, or, in our case, due to fractional freezing of the brine inclusions and the buildup of high internal pressures due to the increased volume taken up by the newly formed ice. Clearly, such cracks would tend to follow lines of natural weakness, such as crystal boundaries. Once released from its initial captivity within a particular inclusion the brine in the upper levels of the sea ice would tend to etch its way through the lower levels, because of its high salinity, until dilution by the etched ice brought it into thermodynamic equilibrium at a particular temperature level. The question also arises of the origin of the primary drainage channel, which, as it forms a natural weakness within the ice sheet, would be the focus toward which any cracks would naturally tend to propagate. Once again, in agreement with Bennington, we consider that these primary channels may trace the locus of the point at which brine streamers leave the ice water interface transporting salt downward into the ocean. An observation in the laboratory is that a multitude of tiny ice spicules surround descending salt-rich streamers because of the heat sink the streamers provide for the immediately adjacent sea water. These naturally will float upward and may be the origin of the polycrystalline ice masses found within primary drainage channels. The structures described and the interpretation given postulate a horizontal salt flux within the ice mass. The aforementioned diagonal striations and tubes that mark the arms of the drainage pattern form strong circumstantial evidence for this assertion, and the work of many authors, among them Weeks and Lee [1962] , has shown very large variations in salinity of adjacent ice cores. Table i at various levels in the underlying sea and their interpretation are described by the authors' colleague (E. R. Walker, in preparation, 1969).
